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He3aBpucHMoO OT THMa OKHMCIICHHA MeK OTHOpOTHOHW 
oe eae Kuoueeote cnoea: nanodaza, 


IIeHKOM SiOz u Si oOpa3yetca MepexowHEI cio TOMMHHOM 


HU3KOIHEpZeemuyeCcKUU, 
d, B KOTOPOM KOHI¢CHTpavHa O YMCHbINACTCA C YBCIIMGCHHCM NO6EPXHOCMb, UOHHAA 0034, 
rryOunpl d ot ~ 65 + 70 at.% qo 0.. HAHOCUMbIe Gba3bl, Jle2UupOBAHHble, 
HAHONAeHKU, M6epdasA Gba3a, 
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B mocyieqHee TOAbI aKTHBHO IpOBOAATCHA (pyHaMeHTasIbHBIe MW MphKaqHble UCCICHOBAHHA, CBAS3AHHBIC C 
TIOSJYYCHHCM HaHOpa3sMeCpHbIX MHOFOKOMITOHCHTHBIX CJIOHCTBIX CTPYKTYp, HMMeCrOWIHX TIepCileKTHBbI B 
CO3HaHUW HOBBbIX IIpHOopos 3IEKTPOHHOK TCXHUKH, B TOM YHCIIe couJIHeuHOHW JHEPpreruKH, a TakoKe H3yY4eCHHA 
MX SJICKTPOHHBIX, ONTHYCCKHX HW SMHCCHOHHBIX CBOHMCTB. 


HaHopa3MepHble CTpyKTypbl H MHOrocsIOMHbIe CHCTeMbI Ha OcHOBe Si H SiOz MMerIOT TepclieKTHBEI B 
CO34aHHH TpHOopoB HaHO-H OMToOseKTpOHHKH. B uacTHocTu, rerepocTpyKTypbI SiO./Si c pa3uIM4HbIMH 
HaHOBKJIIOUCHHAMH §CIyKAT OCHOBOH pH pa3spadoTKe HOBBbIX BHOB BbICOKOYacTOTHBIX MOI 
TpaH3HCTOPOB, MHTerpasIbHbIX CXeM, OIITHYCCKHX TpeoOpazoBaTesieH MH COJHCYHBIX 3IeMeHTOB. B cBa3v C 
939THM, OCcOO0e BHHMaHHe yJeJIdeTCA YCOBePpUICHCTBOBaHHIO TeXHOJIOrHM TOUyIeHHA WH UCCIeOBaHHIO 
3aKOHOMepHOcTeit POPMHPOBAaHHA HAaHOpa3MePHEIX CTPyKTyp C HOBbIMH (PU3H4eCKHMH CBONcTBaMH [1,2-9]. 


B jaHHoi padote vw3y4eH COCTaB HM 9JICKTPOHHBIe CBOMCTBa HaHOpa3MepHbIX CTPYKTyp, CO3aHHBIX B 
MOBepXHOCTHOM OOacTH MOHOKpHcTamIM4eckoro Si HMMIaHTalei MOHOB O,". 


Ilepeq HoHHOM UMMaHTalMel MoBepxHOcTb Si o4Maacb UporpeBom yo T = 1200+1300 K B Teyenun 
10+12 uacoB Mu MMMyIbCHBIM Mporpepom yo T = 1500 K. Kucnopog B mpnbop Hartyckasica yepe3 
I[e@IBHOMeTasIIM4ecKHH HaTekaTesb. MonHblit MCTOUHUMK padoTal Ip AaBsleHHu KUCIOpoya ~ 10° Ta, mipHu 
9TOM B H3MepHTeIbHON 4YacTH pHOopa AaBIeHve He MpeBbIUaO ~ 10° Ta. IInorHoctb ToKa HOHOB Ha 
MHINeHb coctaBiana (1+10): 10° A/cm’. J\uametp lly4ka HOHOB B MHINeHH JexKal B Ipegenax 1,5+2 mm. B 
KayecTBe MOIOXKKU MCIHIOUb30BaHbI OOpazitbr Si (111) n—THNa B Bue ZHcKOB c WHamMeTpom ~ 10 MM u 
TouuHHOK | MM. 


Cnayana Opium uccneqoBanbt oOpa3zupr Si, MMnIaHTupoBaHHbre woHamu O» Cc BBICOKOM 030i 
2s 16. -2 

IIpeBblMarollet O3y Hacbienua (D > 6°10 ° om ). B kayectBe mpuMepa Ha puc. | npuBeyenpr ACM- (puc. 

1, a) u POM- (puc. 1, 6) w306paxenua NoBepxHocTu mieHKU SiOz, NOmyYeHHIe HMIUIaHTalHeit HOHOB O2" 
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B Sic Eo = 3 K93B (D = 8-10'° cm”) B co¥eTaHHH c Mporpepom upu T = 1100 K. Tonmuna nienxu SiO» 
coctasuiasia ~ 50 A. 


5.0kV 12.7mm x100k SE(M) 


) 
Puc. 1. ACM-v306paxenna (a) 1 PIM-Kaptuna (6) noBepxHoctu SiO,/Si c rommuuoii d ~ 50 A (na 
BcTaBke puc.1, 6 JIb9 kaptuna SiO). 


BugzHo, 4TO TpH 93TOM opMupoBarach CIWIOWHad, OAHOpOAHad TIeHKa c MpakTMY¥ecKH Tako 
NOBEPXHOCTbIO HEpOBHOCTH, KOTOpOH He MpeBEnuaror 8+10 A. B cuyaae mienoK MOmy4eHHEIX ApyrumMu 
MeTOJJaMH, B 4YaCTHOCTH MeCTONOM TeEPpMHYeCKOTO OCaKeCHHA KUCIOpOLa HeEpOBHOCTH MOBepXHOCTH 
coctasusioT 50+100 A. Ormetum, 4To B csty4ae SiO,/Si (111), B ormuane oT cHIMNMA0B MeTamoB [3,4-14], 
He HaOsOWasIcA STMTAKCHAIbHBIM POcT, OOpa3z0Baslacb MOUMKPHCTasIM4ecKad CTpykKTypa (BcTaBKa puc. |, 
6). lo dopme J[b9-KapTuH MbI MIpezMoNaraem, 4YTO MIeHKH SiO, COCTOAT H3 OTACIbHBIX OJIOKOB HMCIOLNIMX 
KyOu4ecky!o pellleTKy, OHaKO Ha TpaHuyax OOKOB UX OPHeHTalHA He CoBTIayaerT. 


Ha puc. 2 IpuBeyeH Mpodusb paciipeyesweHua aTOMOB KHcOpoya M0 riryOuHe crOMHOM mIeHKH SiO./Si 
(111) c rommmnoii ~ 50 A. Buguo, aro Mexny SiOz — Si bopmupyerca nepexogHoH coi c TomMMHOL 40 — 
50 A, rae KoOHWeHTpalnua KucHOpogza c ruyOuHOi MOHOTOHHO yMeHbuaeTcs. Bompuiaa TosmmmHa 
TepeXOJHOFO CiIOA M0-BHMMOMY CBA3aHa C pe3KHM OTIIMYMeM MapaMetpos peuleTKu Si (as; = 5,43 A) u 
SiO» (asio2 = 7,13 A). 


~=.1 
o 10 2 30 40 50 6 7 80 dA 


Puc. 2. IIpodunu paciipezenenua aTOMOB KUCIOpora Mo ruryOuHe meHKH SiO%/Si (111). 
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Ha puc. 3 npuBezeHbI (POTORICKTPOHHIe cieKTpbI uucToro Si (111) u HaHoneHKU SiO2/Si, cHaTEIe mpH 
hv=10,8 u 21,2 9B. 3a Hayano oTCUeTa B3ATb MOTOJIOK BaJICHTHOM 30HbI, a TOOKeHHe ypoBHA DepmMu 
OMpeeuAOCh OTHOCHTeIbHO ypoBHa Er unctroro Pd, KoTopbiit pa3Melljaicd B CBepXBbICOKOBaKYyMHOM 
IipHOope BMecTe C HCIIOUb3yeMBIMU OOpa3ilaMH [5]. BuaHO, 4TO BCe KPHBbIe OOaLaroT ABHO BbIPaxKeHHOM 
TOHKOM cTpyKTypol. B cyyae auctoro Si HalMune OCHOBHBIX IHKOB MOXKHO OOBACHHTb BO30y2KTeHHeM 
QJIEKTPOHOB H3 MOBEPXHOCTHBIX COCTOAHHH, a TakKxKe U3 3p H 3s COCTOAHHM BaJICHTHBIX IICKTPOHOB Si. B 
ciyyae OKHCH KpeMHHA MaKCHMyMbI (OCOOeHHOCTH) MOryT ObITb oOOycOBNeHbI rMOpuzM3alneli 
3JIEKTPOHHBIX COCTOAHHM BaJICHTHBIX 9JIEKTPOHOB ATOMOB JIerHpyrolllero WIeMeHTa HW MOWIOKKU — Si [6,15- 
18]. 

CpapHeHue criekTpoB | u 2 ToKa3bIBaeT, YTO B ciyaae Si YDOC xopomio oTpaxaeT paciipezenenue 
INIOTHOCTH COCTOAHMM BaJIeCHTHBIX 3JIEKTPOHOB pu hv=10,8 9B, yem mpu hv=21,2 9B. Dro cBa3aHo c TeM, 


4TO B Cllyy¥ae MOJYNPOBOAHHKOB UM MeTAJIIOB yBeIM4eHHe JHEP KBaHTOB NO 20+25 9B mpuBoyMT K 
oOpa30BaHHIO BTOPHYHBIX IICKTPOHOB, CJICIOBATeIbHO, 3AMCTHO H3MCHAIOTCA CIICKTPbI POTOIICKTPOHOB. 


N(E) 
OTH. ed. 


20 


10 


Puc. 3. YO9 cnextpsi Si (kpuBsie 1, 2) u HaHomMeHKU SiO» (kpuBas 3) c d ~ 50 A, cuarsie npn hv, 9B: 
1 — 10,8; 2 — 21,2. 


B taOmmue 1 mpuBexeHbI BO3MOXKHbIC MeXaHH3MbI (POPMHPOBAHHA MMKOB B CIIeKTpe (POTOIICKTPOHOB, 
30HHO-9HepreTHyeckHe MapaMeTpbl H MapaMeTpbI KpHCTaIM4ecKux pelleTOK Si HW SiOz. 


TaOsmuyua 1. [apametppi 30H 4 KpucTasM4eckon pemieTKH Si u WIeHKH SiOz 


OObexkTEI Tluxnu Ilapamertpsi 30H, 9B 
yccieyo- a,A 
aces A B C D Ey Ep E, x 
Si 3p + HC* 3p 3s+3p 3p 5,1 4,7 1,1 4 5,43 
SiO, 2p(O)+3p(Si) | 2p(O)+3p(Si) | 2p(O)+3p(Si) | 2p(O)+3s(Si) | 9,1 4,5 8,9 | 0,1-0,2 | mommKpne-Tan 


IIC* — nopepxHocTHBIe CocTOsHHA. 


V3 TaOMMUbI BAO, YTO 3HAYeCHHA WIMPHHbI 3alipelleHHOM 30HbI HAaHOIICHOK SiO» cocTaBiiaeT ~ 9 9B, 4To 
XapaKTepHO JIA MAaCCHBHBIX MOHOKPHCTAaJIOB SiOz. 


AHasIH3 CIICKTPOB O2Ke-9IEKTPOHOB TMOKa3aJI, UTO B 9THX Y4AaCTKaX COJepxKaTbcA aToMbI Si (puc. 4) (B 
cmyuae MJID u TOD pocta 9TH yaacTKH OBI IycTBIMH — T.e. opMupyrotca Mopsr [7]). 
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dN/dE 


92 


60 80 100 =E,3B 


Puc. 4. Haganbuaa 4acth Orke-crieKTposB WIeHKH SiO2, Mouy4eHHbIe Wocse mporpesa Si, 
. 2 16 1 
MMIWIaHTHpoBaHHOrO HOHaMH O>" c sHeprueit Eo = 3 K9B mpu o3ax D, cm’: 1 — 10°, 2—8-10 3 


Yxsemmuenne T ipuBozMo kK Wupdy3uu Si 4yepe3 9TH yaacTKH K TOBepxHoctTH. IIpu mporpese c T=1200 K B 
TeyeHuu 30 MuHYyT Ha MOBepxHocTu dopmuposBasach mienKa Si c Tommunoit 10+15 A, a B Teaennu 60 
munyt - 15+20 A. Jlanpneiimee yBenmuenve BpeMeHU MporpeBa He IPHBOJMIO K 3AMeTHOMY H3MCHEHHIO 
TOMEI mienku Si. pn T=1250 K tommuna mienku ysemmunsanacs wo 25+30 A. Bo Bcex cayaaax 
IVICHKH Si HMeJIM MOWMKpUCTaswIM4ecKkyto CTpyKTypy. JlaibHeiuime yBesuuenue T npuBoyusio K Tecopounu 
Si C MOBepXHOCTH HM YaCTHYHOMY pa3zIOKeHHIO SiO». 


CremleHb MOKpbITHA MOBepXHOCTH Si OKHChIO KPeMHHA OLCHHBAIaCh MO OTHOIICHHIO MWIOMAaIM oe MHKa 
L23VV kpemHua B Si (91 9B) 1 B SiO, (76 3B): 
_ Tsj(91 9B) AS5;(91 3B) 


= ae... (VEDA () 


Tsi0g (76 3B) AS sioz (76 3B) 


STO OTHOWMEHHEe B paccMaTpHBaeMoM Cliyyae cocTaBH0 0,90+0,92. IIpu stom ecm y4ecTb, YTO paccTosHHe 
M@*K LY WeHTpaMv COceHUX KIaCTepOB JexKUT B Upezenax 50+60 uM [4,8], TO MIOTHOCTh HaHOyuacTKOB 
KOTOPbIe ABJIAIOTCA CTOKaMH JWIa Si cocTaBAeT 10'°=10"' cm. CpeqHui WuaMeTp KaxKOrO OTAeIbHOrO 
HaHOyuacTka MpHMepHo pape ~ 12+15 um. M3menaa 03y MOHOB B Mpesemax or ~ 8-10'° no 4-10'° 
pa3Mepbl HaHOyYYaCTKOB MO2XKHO peryIMpoBaTb B Upeyemax oT 20+25 no 5+10 um. [pu D < 8-10'° cm 
HaOsoa0cb (POPMUPOBaHHe OCTPOBKOBON MICHKH SiO». 


TakuM oOpa30M, HH3KO9HepreTH4ecKad MOHHAd UMIMVIaHTallwa B COYeTaAHHM C OTKHTOM MO3BOJIAeT 
MOJYYHTb HE TONbKO OHOPOHbIe CIMIOWHbIe HaHorseHku SiO», HO Mu TeHKH SiO  c perymapHo 
pactioslox*KeHHbIMH HaHOKpHCTasWIM4ecKuMH (:)a3aMu KpeMHHA. 


Ha puc.5 mpuBeyeHbI 3aBHCHMOCTH MHTCHCHBHOCTH mpoxossmjero cBeta I or 39HeprHuH (oTOHOB WIA 
CIWIOMHON MIeHKH SiOz Hu Wa WIeHKU SiO2 c HaHOKpucTasamu Si. BuyqHo, 4TO B epBoM cyly4ae 3HadeHHe 
WHTCHCMBHOCTH MpoOxosAlero cBeTa IipakTH4ecKH He M3MeHAeTCA MO BCel NocNexyroujen oOmactu hv 
(0,4+1,5 3B). Bo Bropom ciyyae no hv< 0,95 9B u mocne hv> 1 9B 3HaueHne I 3aMeTHO He MeHsetTca. B 
nutepBae hvx 0,95+1,0 3B 3Hauenue I pe3Ko yMeHbiaetca oT ~ 1,0 no 0,85. 
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Puc. 5. 3aBHCHMOCTb MHTCHCHBHOCTH Mpoxosalero cBeta oT hv ya: 1 — cnommon nieHKU SiO», 2 — aA 
TIeHKU SiO c HaHOKpHCTaIaMn Si. 


3TO yMeHbIeHHe OObACHAeTCA MOrolleHHeM cBeTa HaHoOKpuctasiamMH Si. V3pectHo [4], 4To B 
HaHOKpuctTasmMu4eckux (ba3ax Si c d< 25+30 HM HayHHaIoT IIPOABJIATbCA KBAHTOBO-pa3MepHble 9 ekTEI. 
OyqHakO B JaHHOM Cilyyae 3HaydeHHA Ey JId HAHOKPHCTAWIM4eCKHX (a3 KpeMHUA CocTaBsAeT ~ 1,1 9B, 4To 
UIpakTH4ecKkH paBHO 3HayeHHtO E, ia TOUCTBIX TWIeHOK Si. [lo-BuqHMOMy, Kora HAaHOKpHCTaIM4eckHe 


cba3bl Si HellocpeyxCTBeHHO HaxoOJATCA B KOHTaKTe C MaCCHBHOM TIeHKoM Si B HUX He poOHcCXxogMT 


CYINCCTBCHHOrO U3MCHCHHA 30HHO-SHOCpreruHuecKHuxX TWapaMeTpOB, T.e€. He IpOABJIMIOTCA KBAHTOBO- 
pa3MepHBIe 3cpcexTHI. Pacuertbi MOKa3bIBaroT, ATO CTCIICHb MOKPbITHA MOBCPpXHOCTH KPCMHHEM COCTABJIACT ~ 


0,15+0,2. 


TakuM oOpa30M, HH3KO9HepreTH4ecKad MOHHad UMIMIaHTallwa B COYeTAHHM C OTKHTOM MO3BOJIAeT 
HOJYYHTb HE TONbKO OHOPOHbIe CIIOWHbIe HaHomeHkKH SiO», HO u eHKH SiO  c perylapHo 
pactiouox*KeHHbIMH HaHOKpHcTasiMyeckumMu (ba3aMu KpeMHua. He3aBucHMo OT BHa OKHMCIICHHA Merk Ly 
ONHOpOAHON mieHKoH SiO, u Si oOpa3yetca NepexoqHON cow c TomMMHON d, rye KOHIeHTpalua O c 
poctoM ryryOuH! d yMeHbilaetca OT ~ 65+70 at.% jo 0. 
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